Oxide dispersion strengthened nickel (ODS-Ni) electrodeposits were fabricated to net shape in a nickel sulfamate bath using the LIGA process. A 20 g/l charge of 10 nm A1203 powder was suspended in the bath during electrodeposition to produce specimens containing an approximately 0.001-0.02 volume fraction dispersion of the alumina particulate. Mechanical properties are compared to baseline specimens fabricated using an identical sulfamate bath chemistry without the AI203 powder charge. Results reveal that the as-deposited ODs-Ni exhibited significantly higher yield strength and ultimate tensile strength than the baseline material. This increase in as-deposited strength is attributed to Orowan strengthening. The ODs-Ni also showed improved retention of room temperature strength after annealing over a range of temperatures up to 600 "C. Microscopy revealed that this resistance to anneal softening was due to an inhibition of grain growth in the presence of the oxide dispersion. Nanoindentation measurements revealed that the properties of the dispersion strengthened deposit were uniform through its thickness, even in narrow, high aspect ratio structures. At elevated temperatures, the strength of the ODs-Ni was approximately three times greater than that of the baseline material although with a significant reduction in hot ductility.
I. Introduction
Electrodeposition of metals in thick polymethylmethacrylate (PMMA) or SU-8 photoresist molds has enabled the fabrication of high aspect ratio microstructures, i.e. large height to width ratio, for various microsystems applications.[ 1-51 Electrodeposited microsystem components afford the possibility of the design, fabrication and assembly of mechanical and electromechanical devices at a size scale that is smaller than that achievable through conventional small scale machining. These metallic components have higher toughness than those realized through silicon surface micromachining. In many cases, individual components of a microsystem device will function as a spring or flexure and therefore the structural materials used will be required to have specific pre-defined mechanical properties. As the cross-sectional areas of these load-bearing components decrease (to save space and weight, for example), the stresses they experience necessarily increase, [6] often requiring the use of exceptionally high strength materials.
The current study is directed toward realizing enhanced mechanical properties in through-thickness mold electrodeposits for high aspect ratio microsystem (HARMS) applications, in particular, the LIGA process. LIGA is an acronym derived from the German words: Lithographie, Gulvunofonnung, Abfonnung (Lithography, Electroforming, Molding). The direct version of this process is capable of producing discrete, free-standing metallic parts with lateral dimensions ranging from -10 pm to 1-2 cm and thicknesses usually on the order of 100s of microns but potentially as thick as several millimeters. The process begins by exposing a wafer assembly (composed of a patterned X-ray lithography mask and a photoresist blank bonded to a conductive substrate) to X-ray synchrotron radiation. The typical photoresist is PMMA and the common substrate materials are metallized glass or a metallized silicon wafer. X-ray radiation renders the exposed portions of the PMMA susceptible to dissolution by an appropriate chemical developer permitting development of a mold consisting of deep vertical cavity features with geometric tolerances on the order of 1 pm. The mold is then immersed in an electroplating bath and the cavities are filled with an electrodeposited metal or alloy. Subsequent processing steps involve planarization of the top surface, removal of the PMMA and chemical release of the final piece parts.
Constraints resulting from through-mold deposition usually reduce the choice of electrodeposit to either copper or nickel which, as elemental metals, deposit easily but do not have sufficient strength in the as-deposited condition for certain applications. Also, these pure metal electrodeposits anneal soften readily. As a result, much work has been directed towards increasing the strength and resistance to anneal softening of candidate electrodeposited materials for HARMS applications, in particular nickel-based electrodeposits. [7] [8] [9] [10] [11] One approach is to incorporate an organic additive such as saccharin in the plating bath to refine the grain size. [7] In this case, sulfur from the saccharin additive dramatically reduces the grain size to the range of 10s to 100s nm with an associated dramatic increase in tensile strength to values approaching 1600 -1800 MPa. While this approach successfully increases strength, incorporation of sulfur may reduce ductility [9] or bring with it the potential for catastrophic embrittlement when deposits are subjected to elevated temperatures (2 30o"C). [7, 9, 10] Furthermore, grain refinement by way of incorporating the sulfur bearing additive into an electrodeposit does not promote resistance to anneal softening.
Some higher strength binary alloys, such as Ni-Fe and Ni-Co, are readily electrodeposited as thin sheets or surface films. In these cases, the increase in strength relative to pure metal electrodeposits arises primarily from refined grain morphologies. However, constraints arising from through-mold deposition limit the choice of practical material systems. For example, nickel-cobalt alloys can be electrodeposited at cobalt concentrations as high as 60%. [7] This alloy system has a very small average grain size (approx. 200-400 nm) and can exhibit yield strengths as high as 1600 MPa while maintaining good ductility. However, the electrodeposition characteristics of cobalt relative to nickel invariably results in a severe gradient in cobalt content and non-uniform mechanical properties in through-mold deposits. Even in alloy systems where the compositional variation is less extreme, elevated plating stresses compromise the ability to successfully plate in thick sections[l 11 and the integrity and quality of final parts. From a practical perspective, few, if any, binary alloys have been found suitable for through mold deposition applications.
An alternative approach to developing high strength electrodeposits, and in materials in general, is to physically incorporate an inert, hard particulate dispersoid, typically an oxide such as alumina (A1203), into the host metal matrix, creating a particulate composite. The source of the strength increase is the Orowan hardening phenomena wherein the distributed particulates act as barriers to dislocation motion within the metal matrix.[ 12,131 An additional benefit may be realized if the particulate microstructure acts to pin the grain boundaries thereby impeding grain growth during heat treatment. If so, the particulate composite may exhibit resistance to grain growth-based anneal softening. The ability to successfully co-deposit a particulate in both thin and thick electrodeposited films has been previously demonstrated [14] [15] [16] [17] [18] [19] and the volume fraction of the incorporated particulate can be varied by adjusting the current density. [20, 21] This article examines the potential for through-mold deposition of oxide dispersion strengthened nickel (ODS-Ni) as a particulate composite for microsystem applications by comparing its microstructure and properties to baseline electrodeposited nickel. Both materials were fabricated by electrodeposition from a sulfamate bath chemistry.
The only difference between baseline Ni and ODS-Ni deposition baths was the addition of 10 nm (diameter) A1203 powder to the electrolyte solution prior to fabrication of the ODS Ni samples. Mechanical test specimens were fabricated from both baths and used to characterize the extent of strengthening and the decreased susceptibility to anneal softening when the ODS agent was incorporated into the samples. The uniformity in the mechanical properties of the electrodeposited structures was assessed via nanoindentation surveys through the thickness of the deposits. To complete the study and understand the role of the strengthening agent, electron microscopy was used for comparative characterization of the grain size, grain morphology and the particle distribution in asdeposited and annealed samples.
Experimental
Specimen preparation and testing Net shape tensile specimens were fabricated using the LIGA process as described above. Bath composition and deposition conditions used in this study are given in Table I . Baseline, particulate-free, Ni specimens were deposited from a sulfamate bath chemistry. The ODS-Ni specimens were deposited using an identical sulfamate bath chemistry charged with 20gA of A1203 powder. The powder was obtained from Degussa, AG and had a mean particle diameter of -10 nm. It was kept suspended in the bath through vigorous stirring throughout the deposition process. After final planarization and release from the substrate, mechanical test specimens fabricated from both baseline Ni and ODSNi baths were tested in tension using a custom built tabletop servohydraulic test frame. The LIGA fabricated tensile specimens had a gage length of 3.08 mm and measured 0.76 mm wide by approximately 0.3 mm in thickness. Load was measured using a 450 N Sensotec load cell and strain was measured using a Keyence non-contacting laser micrometer. Complete descriptions of the testing apparatus and specimen geometry are available elsewhere. [22, 23] Baseline and ODS-Ni specimens were tested in the asplated condition at room temperature. To study the effects of heat treating, specimens were tested at room temperature and after one hour vacuum annealing treatments at: 200 "C, 300 "C, 400 "C, 500 "C and 600 "C. Finally, specimens were tested at three elevated temperatures, 300 "C, 400 "C and 500 "C, to examine the influence of the dispersoid on high temperature properties. All testing was performed at a constant extension rate of 5.5 x sec-'. For the most ductile specimens, testing was terminated after a total imposed strain mdsec, corresponding to an initial strain rate of -1 x 10"
of -30%.
An MTS Nanoindenter (Model XP) was used to characterize the uniformity of the deposits with respect to hardness and strength. Instrumented indentation measurements were performed on metallographically prepared through-mold electrodeposit crosssections. These measurements were correlated with the yield strength of the electrodeposited material, obtained using the LIGA fabricated tensile specimens, and compared with a previous correlation to the measured yield strength of similar electrodeposited materials. [23] . In the present work, measurements were performed on both low aspect ratio (I: lo), bulk materials and high aspect ratio (1O:l) features in order to assure that transport limitations (of the A1203 particulate) did not compromise the uniformity of the deposits in the most narrow features.
Microstructural characterization
Focused ion beam (FIB), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the microstructure of as-deposited and heat treated samples. One extremely useful grain structure imaging technique was ion beam induced channeling contrast imaging in the FIB instrument.
[24] An FEI DB235 dual beam FIB, producing 30kV Ga' ions, was used to create channeling contrast images by scanning the ion beam over the region of interest on a metallographically prepared sample. The depth of penetration of the ions is related to the crystallographic orientation of the grain. Certain crystallographic orientations result in stronger ion channeling and therefore deeper penetration of the ions into the sample. Deeper ion penetration produces fewer collectable secondary electrons, so strongly channeling orientations appear dark as compared to more weakly channeling orientations. The amount of channeling is quite sensitive to small variations (1-2 degrees) in orientation so that not only can grains of different orientations be imaged, but small misorientations within a grain can be visualized as well.
The FIB system was also used to extract thin samples for observation in TEM. The samples were produced using standard FIB-based techniques and then were transferred to carbon coated support grids.
[25] Transmission Electron Microscopy (TEM) and TEMbased X-ray spectral imaging using a FEI electron optics Tecnai F30-ST microscope were. used to characterize local particle distributions, focusing on characterizing the degree of clustering of the fine-scale particles are within the FIB prepared samples.
Results

Mechanical Properties at Room Temperature
Figure l(a) shows representative stress-strain curves for the room temperature behavior of the baseline Ni specimens in the as-deposited and heat treated conditions. The yield strength of the as-deposited samples is approximately 410 MPa while the ultimate tensile strength (UTS) is approximately 620 MPa. Engineering strain to failure of the asdeposited material is approximately 13%. These values are in general agreement for Nisulfamate films deposited under the conditions identified in Table L [7] For the annealed samples, softening begins to occur between 200 "C and 300 "C (about 0.3 TM), temperatures typically associated with recovery processes for Ni. Upon annealing at 600 "C for one hour the yield strength falls to 145 MPa while the UTS is 400 MPa. The ductility for specimens annealed at temperature 2 400 "C is in excess of 30%. Yield and UTS data are summarized in Figure l (b) and in Table 11 . Each value represents the average of two measurements. results are compared with the baseline nickel results, with strain to failure decreasing to -7%. Upon heat treating, both the yield and ultimate strengths decrease in ODS-Ni samples, but to a far lesser extent than the baseline specimens. Subsequent to annealing at 600 "C, the yield strength of the ODS-Ni specimens is 585 MPa and the UTS is 815 MPa. These represent only a 9% and 15% decrease in yield and UTS respectively.
Ductility only marginally increases to -9.5%. Yield and UTS data for the ODS specimens are summarized over the entire annealing range in Figure 2 (b) and in Table 11 .
To emphasize the influence of the dispersoid on the increased as-deposited strength and on strength retention after annealing, Figure 3 This figure clearly shows the effect of the oxide dispersoid on strength over the entire range of annealing temperatures considered in this study. Between 300 "C and 400 "C there is a precipitous loss in strength of the baseline Ni. Strength continues to decrease with increasing annealing temperature and the average loss in yield strength for the baseline Ni specimens tested after the 600 "C annealing treatment is nearly 65%. For ODS-Ni, no such drop is evident between 300 "C and 400 "C and the average loss in yield strength is only about 10% after annealing at 600 "C.
Mechanical properties at elevated temperature
The ODs-Ni continued to show enhanced strength even at elevated temperatures.
Figures 5(a) and 5(b) show stress-strain curves for baseline Ni and the ODS-Ni tested at the temperatures indicated. The baseline Ni sulfamate deposit shows a reduction in yield strength from 410 MPa in the as-deposited condition to 100 MPa when tested at 500 "C, while the UTS falls from 620 MPa to 165 MPa. These decreases represent an approximately 75% loss in strength. By contrast, the ODS deposit suffered a 50% loss in yield strength and 65% loss in UTS. More importantly, the yield strength of the ODs-Ni is three times higher than that of the baseline Ni at elevated temperature while its UTS is twice as high. Table I11 summarizes the elevated temperature strength of both the baseline and ODS-Ni. High temperature ductility of the ODS-Ni is, however, severely compromised as is evident from Figure 5 Figure 6 (a) schematically shows the location of a series of nanoindentation measurements performed through the thickness of a high aspect ratio structure. These structures, fabricated from both baseline Ni and ODS-Ni bath chemistries, were 25 pm wide with an aspect ratio of approximately 10: 1 (thickness:width). One pm deep nanoindentation experiments were performed along the centerline spaced 25 pm apart and about 25 pm from either end of the structures. Figure 6 (b) shows hardness as a function of normalized through thickness location obtained from nanoindentation testing on both baseline Ni and ODS-Ni high aspect ratio structures. These results are compared to averaged data, represented by the gray bands in Figure 6 (b), from a series of measurements performed near the center of bulk electrodeposited sections where the hardness values were extremely uniform.
I
Nanoindentation measurements
The hardness trace through the high aspect ratio baseline Ni structure coincides with the average bulk measurement, indicating that the through thickness deposit mechanical properties are independent of aspect ratio. Equally important, the hardness measured along the length of the high aspect ratio ODS-Ni deposit is also quite uniform and is nearly the same as that measured for the bulk ODS-Ni (4.23 5 0.23 GPa vs. 3.93 & 0.15 GPa). The absence of any significant gradient in hardness suggests that the A1203 dispersoid deposits uniformly through the thickness of even very high aspect ratio structures. Finally, when comparing hardness values of the two materials, the average bulk hardness of the ODS-Ni is approximately 2.5 GPa higher than that of the baseline Ni, consistent with the observed increase in the measured strength of the dispersion strengthened deposit. Previous work has demonstrated good correlation between nanoindentation hardness measurements and yield strength.
[23] Based on those measurements, the current hardness measurements suggest that the yield strength of the ODS-Ni should be between 650-700 MPa, very near the value reported in Table II, 640 MPa. Similarly for the baseline Ni, the hardness values shown in Figure 6 would correspond to a yield strength of approximately 375 -425 MPa, a range which captures the value reported in Table 11 ,410 MPa. 
PMMA
Microstructure
A metallographic cross-section imaged using ion beam induced channeling contrast, described in the previous section, of as-deposited baseline nickel electrodeposit is shown in Figure 7 (a). The microstructure exhibits the typical columnar grain morphology of nickel electrodeposits fabricated from sulfamate-based bath chemistries with no additives, with the long axis of the grains aligned with the growth direction of the deposit. [7, 23] Grain size was measured via the line intercept technique. Transverse to the columnar orientation, the average grain size was found to be 1.3 pm. The columnar length of the grains varied widely with some grains being as long as 30 pm. More typically, the average grain size along the columnar direction was approximately 4 pm.
Figure 7(b) shows an ion beam induced channeling contrast image of a metallographic cross-section from a baseline Ni sample after annealing at 600 "C for 1 hour. Heat treating the baseline Ni at this temperature results in a fully recrystallized, equiaxed, coarse grain microstructure. For this sample, the random line intercept method was used to derive an average grain diameter of 11 pm.
Figure 8(a) shows an ion beam induced channeling contrast image of an as-deposited ODs-Ni metallographic cross-section. The orientation of this cross-section is identical, with respect to the plating direction, to that of the baseline Ni micrograph shown in Figure 7 (a). The grain size, transverse to the columnar direction, in this image is 0.95 pm, slightly smaller than that for the baseline material. Thus the presence of the suspended particulate in the electrolyte had only a small effect on refining the microstructure of the as-deposited material. Figure 8 (a) also reveals the presence of the oxide strengthening agent as very small bright features uniformly distributed throughout the microstructure of the deposit. These features could not be conclusively identified as individual oxide particles or clusters of particles within this image. Figure 8 (b) shows a corresponding ion beam induced channeling contrast image of an ODS-Ni specimen after a 600 "Cllhr. heat treatment. In contrast to the baseline electrodeposit, the microstructure has retained its columnar morphology with only slight coarsening. Using the same line intercept method as used for Figure 7 (a), the average grain diameter was found to be 1.6 pm. The same bright features are present in this micrograph, indicating that the A1203 particle distribution was unaffected by the heat treatment. Figure 9 shows TEM and TEM-based X-ray spectral imaging results indicating that the -10 nm dia. A1203particles tend to agglomerate. Examples of particle clusters are highlighted in the TEM image of a FIB extracted LIGA ODS-Ni section in Figure 9 (a). summarize the results. A grayscale map of that spectrum's intensity distribution within the area identified in Figure 9 (b) is given in Figure 9 (c). Within Figure 9 (c), white intensity indicates high A1 and 0 concentrations, thus the resultant map verifies a cluster of A1203 particles. The principal x-ray spectrum identified with the A1203 particles is given in Figure 9 (d). It contains the A1 and 0 peaks with a small Ni residual peak.
Quantitatively determining the volume fraction of the A1203 particulate in the asdeposited material is difficult, but sufficient information is provided in Figures 8 and 9 to allow for a reasonable estimate. If the particles cluster (as is suggested by Figure 9 ), equation (2) defines the fraction of the A1203 particulate within a given cross-sectional area, A,:
where n is the number of clusters, s is the number of particles per cluster, d is the apparent particle diameter and Af is the area fraction of particulate as determined by using a 2-D image of the material microstructure. Figure 9 shows a few clusters of particles and, based on this image, a reasonable estimate for the number of particles in a typical cluster is 5-25. The images in Figure 8 and Figure 9 (a) allow us to bound the areal density of the particle clusters between about 2 and 10 per pm2. Assuming a range of cluster sizes between 5-25 particles and a particle diameter of 10 nm, the estimated volume fraction, Vf, of the A1203 particulate in the ODS-Ni samples lies between 0.001-0.02.
IV. Discussion
Strengthening in baseline Ni
The baseline Ni used in this study exhibits considerably higher yield strength than that found in conventional wrought Ni, where oYs is usually in the range of 75 -200 MPa.
[27]
The elevated strength observed in the electrodeposited nickel is thought to be derived from its relatively fine grain size through Hall-Petch considerations. The classical HallPetch relationship is given in equation (3):
where, (50 and k are constants, usually referred to as the frictional stress and the HallPetch slope, and D a characteristic grain dimension within a polycrystalline material, usually the average grain diameter. Equation (3) indicates that as the grain size decreases the material strength increases. Assuming dislocation-grain boundary interactions as the basis for Hall-Petch strengthening within a polycrystal, mobile dislocations will most frequently interact with the grain boundaries parallel to the long axes of the grains. Thus, the average transverse grain size is a reasonable characteristic dimension for the columnar microstructures observed in as-deposited LIGA Ni and ODSNi samples. The transverse grain dimension of the baseline Ni electrodeposit, given in the previous section, is 1.3 pm [see Figure 6a )l. about 5 to 10 times smaller than conventional processed wrought nicke1.
[27] Eq. (3) indicates this change in characteristic grain dimension results in a two-to three-fold increase in strength of the asdeposited L E A Ni relative to wrought nickel. This is indeed the case as can be seen by comparing the yield strength of the as-deposited baseline material in Table ll to that reported for conventional nickel .
[27] The microstructure observed in Figure 7 (b) further supports the notion that grain size is the principal factor in determining the strength of the pure metal electrodeposit. The grain structure of the 600 "C/1 hr. annealed specimen is a fully recrystallized coarser grained equiaxed microstructure. The average grain diameter of this sample, as reported in the previous section, is 11 pm. In concert with microstructure coarsening through grain growth and recrystallization is a precipitous loss in strength, as shown for the baseline Ni in Figure  l Table 11 . From the Hall-Petch relationship, one would expect a drop in the as-deposited yield strength from 410 MPa to 140 MPa after heat treatment which is in very good agreement with the data reported in Table 11 .
Strengthening of particulate reinforced ODs-Ni
In the as-deposited condition, the ODs-Ni exhibited significantly higher strength than the baseline Ni, however, Figure 8 (a) reveals that the grain size of the ODs-Ni is only slightly smaller, approximately 75% that of baseline Ni. Grain refinement and the HallPetch relationship can only account for about 15% of the increase in strength (from 410 MPa to 475 MPa) for this change in grain size Thus, the significant additional strengthening in ODs-Ni is not due to the smaller grain size, but rather, due to the presence of the A1203 dispersion and its interaction with mobile dislocations during plastic deformation. Specifically, the increase in strength is related to the additional stress required to force a dislocation line past an array of rigid obstacles, described phenomenologically by the classical Orowan equation:
where, G is the shear modulus, b is the burgers vector h is the inter-obstacle spacing and
AT is the incremental increase in shear strength imparted by the particles. In the present case, the obstacles of interest are the particle clusters, rather than the individual A1203 particles themselves. Estimates of particle cluster spacing were made using the images in Figure 8 , by counting the number of clusters within a defined area. The clusters are very nearly points in these images; by assuming they are points, a straightforward formula can be derived for determining their spacing in a selected area:
where, A is the area, n is the number of points, and h is the cluster spacing as before.
Estimates of the spacing using this method range from 200 nm to 350 nm. Using equation (2) The ODS Ni also showed excellent strength retention subsequent to heat treatment. The origin of this behavior is found in Figure 8 (b). The figure reveals that, unlike the baseline Ni, there was only a relatively small change in grain size after the 600 "C heat treatment, presumably the result of grain boundary pinning by the A1203 dispersoid. The small change in grain size is reflected in the correspondingly small change in the strength of the heat-treated deposit, relative to its as-deposited properties. These observations indicate that the ODS-Ni strength remains governed principally by the Orowan mechanism over the entire range of heat treatments.
The ODS-Ni exhibited superior strength retention at elevated temperatures compared to the baseline Ni. Again, the increase in strength at temperature is likely governed by interactions between the dislocations and the A1203 particles. In addition to providing barriers to dislocation motion associated with low temperature plastic deformation, the A1203 particle dispersion, may further act to impede dislocation processes active at higher temperatures such as cross-slip and dislocation creep mechanisms. The loss in ductility however, seems to be an unfortunate consequence of the grain boundary pinning mechanism. Particles or particle clusters present at the pinned grain boundaries act as nucleation sites for deformation-induced grain boundary cavities.
[28] This increased tendency for grain boundary cavitation may lead to a decrease in overall ductility in these particulate composite materials.[28-3 11
V. Summary
Through-mold, oxide dispersion strengthened nickel (ODS-Ni) electrodeposited samples for mechanical testing and microstructure evaluation were fabricated from a sulfamate bath chemistry using the LIGA process. The oxide dispersion within the samples consisted of 10 nm avg. diameter A1203 particles distributed throughout the matrix as agglomerated colonies. A study was conducted to compare the microstmcture and properties of ODS-Ni samples with baseline Ni samples electrodeposited from an identical bath chemistry without the A1203 particles.
The ODS-Ni exhibited a 50% increase in as-deposited yield strength relative to the baseline Ni. "his increase in strength was attributed to Orowan strengthening, where A1203 particle colonies acted as barriers to dislocation motion. Investigation of ODS-Ni and baseline Ni samples heat treated up to 600 "C for 1 hour demonstrated that the A1203 dispersion served to pin grain boundaries, suppressing grain growth during heat treatment, rendering the ODS-Ni resistant to anneal softening. For example, in the case of the 600 "C/1 hr. heat treatment, the yield strength of the ODS-Ni fell by only about 10% while that of the baseline deposit fell by nearly 65%. The high temperature strength of the ODS-Ni was also improved somewhat relative to the baseline Ni-sulfamate. Whereas the baseline Ni suffered a loss in high temperature yield strength of about 75%
(410 MPa + 100 MPa), the ODS-Ni exhibited a loss of only approximately 50% (640 MPa 3 300 MPa). However, the ductility of the ODS-Ni was severely compromised at the highest test temperature rendering the usefulness of the material problematic for elevated temperature applications. 
